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Purpose. The pharmacology, bioavailabili-
ty and pharmacokinetics, indications, clini-
cal efficacy, adverse effects and toxicities,
and dosage and administration of the in-
haled anesthetics are reviewed.
Summary. The inhaled anesthetics include
desflurane, enflurane, halothane, isoflur-
ane, and sevoflurane and are thought to
enhance inhibitory postsynaptic channel
activity and inhibit excitatory synaptic ac-
tivity. The mechanism of action of inhaled
anesthetics has not been completely de-
fined. A number of factors can influence the
pharmacokinetics of inhaled anesthetics,
including solubility in blood, cardiac out-
put, tissue equilibration, extent of tissue
perfusion, metabolism, and age. All of the
available inhaled anesthetics are effective
for inducing or maintaining anesthesia or
both. Most clinical trials of inhaled anes-
thetics have evaluated differences in induc-
tion and emergence from anesthesia by
comparing (1) times to loss of reflex, extu-
bation, and response to verbal commands;
orientation to time and place; and ability to
sit up without assistance, (2) need for post-
surgical analgesia, and (3) time to discharge
as measures of efficacy. Adverse effects and
toxicities of the inhaled anesthetics include
nephrotoxicity, hepatotoxicity, cardiac ar-
rhythmias, neurotoxicity, postoperative

nausea and vomiting, respiratory depres-
sion and irritation, malignant hyperther-
mia, and postanesthesia agitation. Safety
issues surrounding these gases include oc-
cupational exposure and intraoperative
fires within the delivery systems used with
inhaled anesthetics. Drugs used for anes-
thesia during surgery can account for 5–
13% of a hospital’s drug budget.
Conclusion. The inhaled anesthetics have
been shown to be both safe and effective in
inducing and maintaining anesthesia.
These agents differ in potency, adverse-
effect profile, and cost. Newer anesthetic
gases, such as sevoflurane and desflurane,
appear to have more favorable physico-
chemical properties. These factors, as well
as patient characteristics and duration and
type of procedure, must be considered
when selecting an inhaled anesthetic.

Index terms: Age; Anesthetics; Costs; Des-
flurane; Dosage; Drug administration;
Drugs; Drugs, availability; Drugs, body dis-
tribution; Enflurane; Halothane; Health pro-
fessions; Inhalers; Isoflurane; Mechanism of
action; Metabolism; Patients; Pharmacoki-
netics; Sevoflurane; Solubility; Surgery; Tis-
sue levels; Toxicity, environmental; Toxicity
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T he use of inhaled anesthetics be-
gan in the mid-1800s, when it
was discovered that the inhala-

tion of diethyl ether relieved pain.1-3

Despite the adverse effects associated
with ether (e.g., unpleasant taste,
prolonged recovery time, nausea,
vomiting), the agent remained the
preferred anesthetic for nearly 100
years. Advances in fluorine chemis-
try after World War II allowed for
the development of halogenated
compounds, which are more stable
and potent and less toxic than diethyl
ether. In 1956, halothane, a fluori-
nated alkane, was introduced and
quickly replaced ether as the anes-
thetic of choice. Other agents, halo-
genated compounds with ether link-
ages, followed: enflurane in 1972,
isoflurane in 1981, desflurane in
1992, and sevoflurane in 1995.

Currently, desflurane, isoflurane,
and sevoflurane constitute the pri-
mary inhaled anesthetic gases used
either alone or in combination with
nitrous oxide, with or without con-
current administration of other
drugs such as midazolam, propofol,
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thiopental, fentanyl, and various
muscle relaxants. This review focuses
on the efficacy and use of desflurane,
enflurane, halothane, isoflurane, and
sevoflurane.

Pharmacology
The mechanism of action of in-

haled anesthetics has not been
completely defined. Early research
suggested a relationship between
potency and lipophilicity (defined
as solubility in olive oil), with the
anesthetic effect resulting from a
nonspecific effect on hydrophobic

cellular components.4,5 However,
subsequent research focused on the
molecular targets of anesthetics,
specifically ion-channel activity. Cer-
tain ion channels have been shown to
be sensitive to inhaled anesthetics
when administered at clinically effec-
tive concentrations.4 These ion chan-
nels include neurotransmitter recep-
tors (e.g., γ-aminobutyric acid type
A, glycine, nicotinic acetylcholine,
serotonin, and glutamate receptors)
and voltage- and non-voltage-
activated calcium, sodium, and po-
tassium channels. Inhaled anesthet-
ics are thought to enhance inhibitory
postsynaptic channel activity and in-
hibit excitatory synaptic activity.4,5

The proposed actions of the anesthetic
gases on ion channels are summa-
rized in Table 1. However, additional
mechanisms may be responsible for
the actions of some inhaled anesthet-
ics, since nitrous oxide, an effective
nonhalogenated anesthetic, appears
to have little to no effect on most ion
channels.

One aspect of the pharmacology
of inhaled anesthetics is their poten-
cy, which is based on the alveolar
concentrations that result in clinical
effects.3,4 Potency, as well as dosage,
is expressed as the minimum alveolar
concentration (MAC) and is defined

as the alveolar concentration of an
anesthetic needed to prevent a re-
sponse (e.g., movement) to a surgical
incision or similar stimulus in 50%
of patients at 1 atmosphere of pres-
sure, which can be considered the
50% effective dose of the anesthetic
(ED

50
).6

The MAC of an anesthetic agent
influences uptake.3,4,6 In general, if all
other characteristics of an agent are
equal, the higher the MAC, the high-
er the uptake of the anesthetic gas
and the less potent the agent. A num-
ber of factors can influence the MAC,
including age (MAC is reduced as age
increases), hematocrit levels, preg-
nancy, medications, electrolyte sta-
tus, and presence of hyperthermia or
hypothermia.7 The MAC values of
the various inhaled anesthetic gases
are listed in Table 2.

Bioavailability and
pharmacokinetics

A number of factors can influence
the pharmacokinetics of inhaled an-
esthetics.8 The solubility of the agent
in blood, represented by the
blood:gas partition coefficient, is an
important determinant of uptake.
The blood:gas partition coefficient is
the ratio of the concentrations of an-
esthetic gas in the blood and gas

aDescribes actions of halogenated alkanes and ethers.
bGABAA = γ-aminobutyric acid type A.

Enhancement

Enhancement

Inhibition
Inhibition (weak)
Inhibition

Inhibition or no effect
Inhibition (weak)
Inhibition (weak)

Increased activity results in anxiolysis, sedation,
amnesia, myorelaxation, and anticonvulsant
activity

Inhibitory receptor for spinal reflexes and
startle responses

Memory, nociception, autonomic functions
Arousal, emesis
Perception, memory, learning, nociception

Nerve conduction, cardiac action potentials
Nerve conduction, cardiac action potentials
Cardiac inotropy and chronotropy, vascular

tone

Ligand-gated ion channels—inhibitory postsynaptic
receptors
GABAA

b receptors

Glycine receptors

Ligand-gated ion channels—excitatory synaptic
receptors
Neuronal nicotinic acetylcholine receptors
Serotonin type 3 receptors
Glutamate receptors

Other ion channels
Voltage-activated potassium channels
Voltage-activated sodium channels
Voltage-activated calcium channels

Effect on Ion-
Channel Activitya

Table 1.
Effects of Anesthetic Gases on Ion Channels4,5

Ion Channel
Behaviorial or Physiological

Processes Affected
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phases at equilibrium (Table 2). In
general, the blood:gas partition coef-
ficient represents the capacity of the
blood or a specific tissue to absorb
the anesthetic.1 A higher blood:gas
partition coefficient (e.g., 2.0 equals a
2% blood concentration and a 1%
lung concentration at equilibrium)
shows greater affinity for the blood.
The lower the partition coefficient,
the lower the affinity of the blood or
tissue for the anesthetic.3 An anes-
thetic that has a blood concentration
of 3% and a lung concentration of 6%
at equilibrium would have a partition
coefficient of 0.5, showing a greater af-
finity for the gas phase. In other words,
agents with a lower blood:gas coeffi-
cient are more rapidly absorbed and
excreted, producing a faster onset and
shorter duration of action.

After loading of the agent, equilib-
rium occurs and uptake is reduced,
decreasing the amount of anesthetic
that needs to be administered.

Other factors that influence the
uptake of inhaled anesthetics include
cardiac output, tissue equilibration,
extent of tissue perfusion (e.g., mus-
cle versus fat tissues), metabolism,
and age.1 Desflurane, isoflurane, and
nitrous oxide undergo minimal me-
tabolism. The metabolism of enflu-
rane and sevoflurane is considered

intermediate, and halothane is exten-
sively metabolized. The route of
elimination for anesthetic gases is via
the lungs.

Indications
The labeled indications for the in-

haled anesthetics are listed in Table 3.

Clinical efficacy
General anesthesia can be divided

into three stages: induction, mainte-
nance, and emergence. All of the
available inhaled anesthetics are ef-
fective for inducing or maintaining
anesthesia or both. Inhaled anesthet-
ics are often used for induction in
patients who fear placement of an in-
travenous access line.1 For mainte-
nance, it is generally accepted that a
MAC of about 1.3 is needed to pre-
vent movement in 95% of patients.12

Emergence, or awakening from anes-
thesia, occurs when the MAC drops
to 0.3 or 0.4.

Most clinical trials of inhaled an-
esthetics have evaluated differences
in induction and emergence from
anesthesia by comparing (1) times to
loss of reflex, extubation, and re-
sponse to verbal commands; orienta-
tion to time and place; and ability to
sit up without assistance, (2) need for
postsurgical analgesia, and (3) time

to discharge as measures of efficacy.
Recent trials and their results are
summarized in Table 4. Both ambu-
latory care and inpatient adult and
pediatric populations are included in
the trials.

Adverse effects and toxicities
Renal effects. Nephrotoxicity

from inhaled anesthetics has been a
concern for nearly 40 years, begin-
ning with the recognition of renal
toxicity associated with methoxyflu-
rane (Penthrane [Abbott], which was
withdrawn from the market in
2000).31,32 This effect was thought to
be dose related and caused by inor-
ganic fluoride formed secondary to
metabolism of the agent.2,31 Using
methoxyflurane as a model, a plasma
concentration of inorganic fluoride
of >50 μmol/L was thought to result
in nephrotoxicity after administra-
tion of any inhaled anesthetic.2,33 The
production of inorganic fluoride
with desflurane, enflurane, halo-
thane, and isoflurane is limited, and
these agents are unlikely to cause sig-
nificant nephrotoxicity in patients
with normal renal function.31 How-
ever, although plasma concentra-
tions of inorganic fluoride have been
reported to exceed 50 μmol/L after
prolonged administration of sevoflu-

aMAC = minimum alveolar concentration, NA = not available, CYP = cytochrome P-450.
bIncluded for comparison.

NA
NA

Oxidative metabolism

CYP isoenzymes
(including CYP 2E1)

CYP isoenzymes
(including CYP 2E1)

CYP isoenzymes

CYP isoenzymes

NA
NA

25–45 (to
trifluoroacetate)

2–5

0.2 (to trifluoroacetate)

0.02 (to trifluoroacetate
and inorganic
fluoride)

0.02 (to trifluoroacetate
and inorganic
fluoride)

NA
0.47

2.5

1.8

1.4

0.42

0.69

   NA
104

0.77

1.68

1.15

       6.0

2.05

NA
NA

Fluorine,
chlorine,
bromine

Fluorine,
chlorine

Fluorine,
chlorine

Fluorine

Fluorine

1844
Early 19th

century
1956

1972

1981

1992

1995

Diethyl etherb

Nitrous oxideb

Halothane

Enflurane

Isoflurane

Desflurane

Sevoflurane

Presumed
Metabolism

Extent of Metabolism
after Uptake (%)

Blood:Gas
Partition Coefficient

Table 2.
Physicochemical Properties of Inhaled Anesthetic Gases1-4,8

Agent
Year

Introduced Halogen MAC (%)a
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rane, reports of renal dysfunction af-
ter sevoflurane administration in pa-
tients are no higher than they are
with other inhaled anesthetic
agents.8,31,33,34 It is now thought that
intrarenal inorganic fluoride, result-
ing from renal defluorination, may
be responsible for the nephrotoxicity
seen with methoxyflurane. Sevoflu-
rane undergoes limited metabolism
within the kidneys.

Compound A (fluoromethyl-2,2-
difluoro-1-[trifluoromethyl] vinyl
ether),3 a degradation product of
sevoflurane resulting from the inter-
action between sevoflurane and the
absorbents used to remove carbon
dioxide during administration, has
resulted in mild and reversible renal
impairment in animal studies.3,10,31,33

The amount of compound A pro-
duced and the theoretical risk of
nephrotoxicity may be dose depen-
dent and have a greater potential to
occur when sevoflurane is used for
prolonged periods or at low flow
rates. In clinical trials, administering
sevoflurane at a flow rate of 1 L/min
resulted in the increased production
of compound A as the duration of
anesthesia lengthened.10 For this rea-
son, administering sevoflurane for
over 2 MAC hours is not recommend-
ed. To date, there are no reports of
compound A toxicity in humans.

Kharasch et al.35 reported on the
renal effects of low-flow anesthesia
with sevoflurane versus isoflurane in
patients undergoing prolonged sur-
gery. A total of 50 adult patients re-
ceived either sevoflurane or isoflur-
ane, administered at a rate of 0.8–1
L/min, for surgery that was planned

to last eight hours or longer. Renal
function (i.e., serum creatinine, cre-
atinine clearance, urinary protein
and glucose concentrations) was as-
sessed before and after surgery, as
were inspired and expired concentra-
tions of compound A. At 24 and 72
hours after surgery, no significant
difference in markers of renal func-
tion was seen between the two
groups. The mean inspired concen-
tration of compound A was 16 ppm,
with a reported maximum of 25
ppm. Total compound A exposure
was calculated as 165 ppm/hr, with a
maximum reported exposure of 428
ppm/hr. The accepted thresholds for
compound A nephrotoxicity in ani-
mal studies range from 290–340
ppm/hr (in rats) to 800 ppm/hr (in
cynomolgus monkeys).35

Obata et al.36 reported similar
findings from a study comparing
low- and high-flow sevoflurane. A
total of 30 adult patients undergoing
surgery of long duration (≥10 hours)
were randomly assigned to receive
sevoflurane at 1 L/min (low flow),
sevoflurane at 6–10 L/min (high
flow), or isoflurane at 1 L/min (low
flow). From preanesthesia to day 5,
no reduction in renal function values
(i.e., serum creatinine, blood urea ni-
trogen, and creatinine clearance) was
seen with low-flow sevoflurane, and
there were no differences in the val-
ues between either low- or high-flow
sevoflurane and isoflurane. All pa-
tients had increases in other markers
of renal function (i.e., urinary excre-
tion of glucose, albumin, protein, and
N-acetyl-beta-D-glucosaminidase) af-
ter anesthesia, with no significant

difference among the three groups.
In the low-flow sevoflurane group,
the mean compound A exposure was
277 ppm/hr.

Hepatotoxicity. Inhaled anesthet-
ics have been associated with hepato-
toxicity, with the potential for toxicity
related to the degree of metabolism,
as well as the intermediate and end
products of metabolism.2 This toxici-
ty is thought to be immune mediat-
ed, manifesting as severe, potentially
fatal hepatitis. Possible factors pre-
disposing patients to hepatitis in-
clude previous exposure, obesity, fe-
male sex, short intervals between
exposures, a history of postoperative
jaundice or pyrexia, and a genetic
predisposition to hepatitis. Since
halothane is metabolized to the
greatest degree, it has a higher rate of
hepatotoxicity than other agents,
with 1 case in 35,000 patients ex-
posed, compared with 1 in 800,000
for enflurane, <1 in 1,000,000 for
isoflurane, and <1 in 10,000,000 for
desflurane.2,3

Although sevoflurane is metabo-
lized to a greater extent than iso-
flurane or desflurane, it is thought to
have a lower potential for hepatotox-
icity. Unlike other anesthetic gases,
sevoflurane does not have a reactive
metabolite in its metabolic pathway,
thus reducing the risk of hepatotox-
icity.2 Halothane is also associated
with a non-immune-mediated in-
crease in liver enzymes. This effect is
more common than the immune-
mediated increase (one case in three
patients exposed), is usually subclini-
cal, and may occur without previous
exposure to the anesthetic.2

Cardiovascular effects. Mean ar-
terial pressure, cardiac output, and
systemic vascular resistance are gen-
erally reduced or unaffected by in-
haled anesthetics.2 Heart rate is also
reduced or unchanged with hal-
othane and sevoflurane. Desflurane,
like isoflurane, has been reported to
cause transient increases in heart
rate.3 Enflurane may also result in in-
creases in heart rate.2 Cardiac ar-

Table 3.
Labeled Indications for Inhaled Anesthetics9-11

IndicationAgent

Induction and maintenance of general anesthesia in adult patients
for inpatient and outpatient surgery

Induction and maintenance of general anesthesia
Induction and maintenance of general anesthesia
Induction and maintenance of general anesthesia
Induction and maintenance of general anesthesia in adult and

pediatric patients for inpatient and outpatient surgery

Desflurane

Enflurane
Halothane
Isoflurane
Sevoflurane
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rhythmias may occur with inhaled
anesthetics, most likely because of
sensitization of the myocardium to
catecholamines. This effect appears
to be most pronounced with ha-
lothane, followed by enflurane.
Sevoflurane, isoflurane, and desflu-
rane have less potential for causing
cardiac arrhythmias than do either
halothane or enflurane.2

Neurotoxicity. Cerebral vasodila-
tion, increased cerebral blood flow,
and increased intracranial pressure
(from impaired autoregulation) can
result with halothane and, to a lesser
degree, enflurane. The effects of des-
flurane, isoflurane, and sevoflurane
on cerebral blood flow and intracra-
nial pressure appear to be compara-
ble to and less than those of either
halothane or enflurane, respectively.2

Postoperative nausea and vomit-
ing. Postoperative nausea and vomit-
ing (PONV) is a common complica-
tion of surgery. Patient factors, as
well as the type of surgery, can influ-
ence the occurrence of PONV; how-
ever, general inhalation anesthesia is
a major contributor.37 PONV result-
ing from inhaled anesthesia is usually
limited to the first two hours after
surgery.38

Sneyd et al.39 conducted a meta-
analysis of 96 clinical trials compar-
ing propofol, an intravenous agent
used for the induction and mainte-
nance of anesthesia, with inhaled an-
esthetics to evaluate the rate of
PONV. The median frequency of
PONV with inhaled anesthetics was
25%, compared with 13% for propo-
fol. Vomiting alone was reported in
14% of patients given inhaled anes-
thetics; nausea occurred in 24%.

A large, two-year, prospective trial
assessing the potential for PONV
with various inhaled anesthetics was
conducted by Apfel et al.38 A total of
1180 children and adults who under-
went elective surgery (diagnostic
procedures, adenotomy or tonsillec-
tomy, sinus surgery, tympanoplasty,
or strabismus surgery) received stan-
dard preoperative medication and

Ta
b

le
 4

 (c
on

tin
ue

d)

Re
f.

Re
su

lt
s

O
ut

co
m

e 
M

ea
su

re
s

A
n

es
th

es
ia

 R
eg

im
en

b
Pa

ti
en

t P
op

ul
at

io
n

/
Pr

oc
ed

u
re

a D
SS

T 
=

 d
ig

it-
sy

m
b

ol
 s

ub
st

itu
tio

n 
te

st
 fo

r a
ss

es
sm

en
t o

f p
sy

ch
om

ot
or

 fu
nc

tio
n,

 V
A

S 
=

 v
is

ua
l a

na
lo

g 
sc

al
e 

fo
r m

en
ta

l s
ta

te
 u

si
ng

 s
ub

je
ct

iv
e 

va
ria

b
le

s,
 M

A
C

 =
 m

in
im

um
 a

lv
eo

la
r c

on
ce

nt
ra

tio
n,

 N
VR

 =
 n

um
er

ic
al

 v
er

b
al

 ra
tin

g
sc

al
e,

 N
S 

=
 n

ot
 s

ig
ni

fic
an

t, 
PA

C
U

 =
 p

os
ta

ne
st

he
si

a 
ca

re
 u

ni
t, 

BM
I =

 b
od

y 
m

as
s 

in
de

x,
 G

C
S 

=
 G

la
sg

ow
 c

om
a 

sc
al

e.
b

A
ne

st
he

si
a 

w
as

 d
el

iv
er

ed
 th

ro
ug

h 
tr

ac
he

al
 in

tu
b

at
io

n 
un

le
ss

 o
th

er
w

is
e 

no
te

d.
c A

ld
re

te
 s

co
rin

g 
sy

st
em

 a
ss

es
se

s 
co

ns
ci

ou
sn

es
s,

 a
ct

iv
ity

 o
n 

co
m

m
an

d,
 re

sp
ira

tio
n,

 c
irc

ul
at

io
n,

 a
nd

 o
xy

ge
n 

sa
tu

ra
tio

n.
 A

 s
co

re
 o

f 9
 o

r m
or

e 
is

 n
ee

de
d 

to
 tr

an
sf

er
 a

 p
at

ie
nt

 to
 a

n 
ar

ea
 w

ith
 le

ss
 in

te
ns

e 
ca

re
.

d
Th

e 
de

liv
er

y 
m

et
ho

d 
of

 a
ne

st
he

si
a 

w
as

 n
ot

 re
p

or
te

d.
e Fr

om
 m

et
a-

an
al

ys
is

.
f A

ne
st

he
si

a 
w

as
 d

el
iv

er
ed

 th
ro

ug
h 

la
ry

ng
ea

l a
irw

ay
 m

as
k.

g
St

ew
ar

d 
si

m
p

lif
ie

d 
sc

or
in

g 
sy

st
em

 a
ss

es
se

s 
co

ns
ci

ou
sn

es
s,

 a
irw

ay
, a

nd
 m

ov
em

en
t. 

U
si

ng
 th

is
 s

ca
le

, a
 s

co
re

 o
f 0

 =
 fu

lly
 a

ne
st

he
tiz

ed
 a

nd
 6

 =
 fu

lly
 re

co
ve

re
d.

h
A

ne
st

he
si

a 
w

as
 fi

rs
t d

el
iv

er
ed

 w
ith

 c
up

p
ed

 h
an

d 
an

d 
th

en
 th

ro
ug

h 
la

ry
ng

ea
l a

irw
ay

 m
as

k.

Se
vo

flu
ra

ne
 1

–8
%

 o
r h

al
ot

ha
ne

0.
5–

5%
 (b

ot
h 

w
ith

 n
itr

ou
s 

ox
id

e
in

 o
xy

ge
n)

Se
vo

flu
ra

ne
 o

r d
es

flu
ra

ne
 (b

ot
h

w
ith

 n
itr

ou
s 

ox
id

e 
in

 o
xy

ge
n)

Ti
m

e 
to

 re
co

ve
ry

 (r
es

p
on

se
 to

 o
ra

l
co

m
m

an
d 

[e
ar

ly
]; 

ex
ci

ta
tio

n,
p

ai
n,

 s
itt

in
g,

 w
al

ki
ng

, d
rin

ki
ng

w
at

er
, n

au
se

a,
 a

nd
 d

is
ch

ar
ge

[in
te

rm
ed

ia
te

])
A

irw
ay

 e
ve

nt
s;

 a
ro

us
al

 s
co

re
s;

tim
es

 to
 s

p
on

ta
ne

ou
s 

ey
e

op
en

in
g,

 m
ee

tin
g 

di
sc

ha
rg

e
cr

ite
ria

, a
nd

 d
is

ch
ar

ge

N
o 

di
ff

er
en

ce
 w

as
 s

ee
n 

in
 ti

m
es

 to
 e

ar
ly

 o
r i

nt
er

m
ed

ia
te

re
co

ve
ry

 fo
r a

ny
 p

ar
am

et
er

 a
ss

es
se

d.
 T

he
 in

ci
de

nc
e 

of
na

us
ea

 a
nd

 v
om

iti
ng

 w
as

 h
ig

he
r w

ith
 h

al
ot

ha
ne

 (6
.7

%
an

d 
6.

7%
) t

ha
n 

w
ith

 s
ev

of
lu

ra
ne

 (3
.3

%
 a

nd
 0

%
) (

p 
=

 N
S)

.

A
irw

ay
 e

ve
nt

s 
(c

ou
gh

in
g,

 b
re

at
h 

ho
ld

in
g,

 e
xc

es
si

ve
se

cr
et

io
ns

, l
ar

yn
go

sp
as

m
s,

 o
r d

es
at

ur
at

io
n 

ep
is

od
es

)
oc

cu
rr

ed
 m

or
e 

of
te

n 
w

ith
 d

es
flu

ra
ne

 th
an

 w
ith

se
vo

flu
ra

ne
 (p

 =
 0

.0
17

). 
N

o 
di

ff
er

en
ce

s 
w

er
e 

se
en

 in
p

os
te

xt
ub

at
io

n 
ar

ou
sa

l s
co

re
s,

 ti
m

e 
to

 e
ye

 o
p

en
in

g,
 ti

m
e

to
 m

ee
tin

g 
di

sc
ha

rg
e 

cr
ite

ria
, o

r t
im

e 
to

 d
is

ch
ar

ge
.

29
d

30

60
 p

ed
ia

tr
ic

 p
at

ie
nt

s 
(a

ge
3–

8 
yr

)/
el

ec
tiv

e
ou

tp
at

ie
nt

m
yr

in
go

to
m

y

48
 p

ed
ia

tr
ic

 p
at

ie
nt

s 
(a

ge
6 

m
o–

13
 y

r)
/e

le
ct

iv
e

su
rg

ic
al

 p
ro

ce
du

re
s

b
el

ow
 th

e 
um

b
ili

cu
s



FORMULARY REVIEW Inhaled anesthetic

631Am J Health-Syst Pharm—Vol 63  Apr 1, 2006

intravenous induction of anesthesia
followed by an inhaled anesthetic
(enflurane, isoflurane, or sevoflu-
rane) or propofol for maintenance.
The rate of PONV was the primary
endpoint. The use of inhaled anes-
thetics was associated with an in-
creased risk of PONV within 24
hours after surgery (47.6% with in-
haled gases versus 28.8% with propo-
fol). The odds ratios (ORs) for
PONV for enflurane, isoflurane, and
sevoflurane versus propofol were 3.1,
3.4, and 2.8, respectively (p < 0.001).
During the first two hours after sur-
gery, inhaled anesthetics were the
main risk factor for PONV, with ad-
justed ORs of 19.8 (isoflurane), 16.1
(enflurane), and 14.5 (sevoflurane).

Respiratory effects. Respiratory
depression is seen with all of the in-
haled anesthetics and is dose depen-
dent.2 All agents produce an increase
in respiratory rate, a decrease in tidal
volume, and an increase in arterial car-
bon dioxide pressure. The muscle re-
laxant effects of inhaled anesthetics,
resulting in bronchodilation, also con-
tribute to respiratory depression.40

Respiratory irritation is related to
the pungency of the agent; this effect
is especially important during induc-
tion, since a highly pungent agent
will result in coughing, laryn-
gospasm, breath holding, increased
secretion, and oxyhemoglobin desat-
uration, especially in pediatric pa-
tients.3 Desflurane is the most pun-
gent agent, with respiratory irritation
seen above 1 MAC, while sevoflurane
and halothane are generally not asso-
ciated with respiratory irritation.

TerRiet et al.41 compared isoflur-
ane, desflurane, and sevoflurane for
pungency in 81 adult patients under-
going general anesthesia for surgical
procedures, with each gas inhaled at
2 MAC for 60 seconds via a laryngeal
airway mask. A total of 20 patients
given desflurane, 11 patients given
isoflurane, and 1 patient given sevo-
flurane objected to inhaling the gas
or coughed (p < 0.05). The number
of patients complaining about burn-

ing, irritation, or discomfort was
greatest in the desflurane group (n =
21), followed by patients receiving
isoflurane (n = 12) and sevoflurane
(n = 0) (p < 0.05).

Other toxicities. Malignant hy-
perthermia is also seen with all of the
inhaled anesthetics, although hal-
othane may have a greater potential
for this effect.2 Postanesthesia agi-
tation, referred to as emergence ag-
itation or emergence delirium, is
characterized by severe restlessness,
combativeness, disorientation, inco-
herence, and unresponsiveness and
has been reported to occur in 12–
30% of children after surgery.42

These emergence behaviors usually
last about 10 minutes, but they can
last up to 45 minutes in some pa-
tients. Rapid emergence from anes-
thesia, as well as the use of inhaled
anesthetics, is among the factors that
can contribute to emergence agita-
tion. Both desflurane and sevoflu-
rane have been associated with a
higher rate of emergence agitation
than halothane.43 Welborn et al.25 re-
ported a 55% rate of emergence agi-
tation with desflurane, whereas Aono
et al.44 reported a rate of 40% among
preschool boys given sevoflurane.

Drug interactions
All of the inhaled anesthetics have

the potential to interact with neuro-
muscular blocking agents (e.g., atra-
curium, mivarcurium, vecuronium,
cisatracurium, pancuronium), thus
increasing the neuromuscular block-
ing agents’ intensity and duration of
action.9,10,45 In addition, benzodiaz-
epines and opioids may decrease the
MAC of inhaled anesthetics. The
dose of an inhaled anesthetic gas is
typically adjusted and reduced when
it is used in combination with ni-
trous oxide. In practice, these inter-
actions become part of a “balanced
anesthesia” approach, allowing for a
reduced dose of some agents, such as
the neuromuscular blockers, and a
reduction in the MAC of the inhaled
anesthetic.

Dosage and administration
Delivery systems and flow rates.

Anesthetic gases are usually adminis-
tered using a delivery system that
mixes the anesthetic gas with carrier
gases (i.e., oxygen and nitrous oxide)
in varying concentrations.1,46 The gas
mixture is then fed into a rebreathing
circuit that consists of an inspiratory
and expiratory limb. Movement of
the gas mixture within the rebreath-
ing circuit is circular, from the in-
spiratory limb to the patient (inhaled
gas), then from the patient to the ex-
piratory limb (exhaled gas). Exhaled
gas passes through a carbon dioxide
absorber within the circuit, is re-
mixed with fresh gas mixture, and is
rebreathed by the patient. Divalent
and monovalent bases (e.g., calcium,
barium, sodium, and potassium hy-
droxides) are used as absorbents to
remove carbon dioxide from the ex-
haled gas.3 Some exhaled gas may be
removed via an overflow valve; a res-
ervoir bag is also attached to allow
for greater variation in ventilatory
flow rates.

Under certain conditions, the ab-
sorbents used to remove carbon di-
oxide from the gas mixture may
cause the anesthetic gas to degrade
into potentially nephrotoxic com-
pounds.3,10,35,47 Degradation may be
influenced by the type of absorbent
used, high temperature from both
the carbon dioxide absorbent and the
patient’s body, and flow rate. In ani-
mal studies, absorbents such as soda
lime or barium hydroxide lime,
which contain sodium and potassi-
um hydroxides (both strong bases),
have been shown to result in higher
concentrations of carbon monoxide
and compound A than calcium hy-
droxide lime, potentially resulting in
a greater risk of toxicity.47

Higher temperatures have been
shown to increase the degradation of
anesthetic gases; temperatures within
the anesthetic delivery system are
high due to the exothermic nature of
the reaction between the gas and the
absorbent.3,10 The magnitude of the
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temperature increase is influenced by
the amount of carbon dioxide ab-
sorbed, flow rate of the gas, patient’s
metabolic status, and ventilation.10

Finally, high flow rates may result in
desiccation of the absorbents, thus
increasing the production of degra-
dation products of some gases.3,35

The flow rate may also affect the
amount of anesthetic gas that escapes
from the delivery system, requiring
an increase in the amount of gas used
and thereby raising the cost.46 Flow
rates for anesthetic delivery systems
have been classified as minimal (0.25–
0.5 L/min), low (0.5–1.0 L/min), me-
dium (1.0–2.0 L/min), high (2.0–4.0
L/min), and very high (>4.0 L/min).
These represent the rates at which
fresh gas flows into the rebreathing
delivery system. High flow rates are
traditionally used, most likely to pre-
vent accidental hypoxia and better
control the depth of anesthesia. The
use of low flow rates has several ad-
vantages, including a reduction in
the use of the anesthetic gas and re-
duced release of anesthetic gas into
the environment. This may be espe-
cially true for gases with low solubili-
ty, such as desflurane.48

Administration. The clinical ef-
fects of inhaled gases are dose depen-
dent and result when the partial pres-
sure of the agent in the blood reaches
equilibrium with the inspired alveolar
partial pressure.8 The rate at which this
equilibrium is reached is determined
by the inspired concentration of the
agent, ventilation, solubility of the
agent in blood and tissue, cardiac
output, and tissue perfusion. During
surgical procedures, the dose can be
controlled by observing the patient
for depth of anesthesia, as well as ob-
serving the end-tidal concentrations
of the agent.

Other more reliable techniques
are used to determine the level of an-
esthesia produced with the inhaled
anesthetics. One is the bispectral in-
dex monitor, which is based on a
bispectral analysis of electroencepha-
lographic signals. It incorporates

electroencephalographic informa-
tion on power and frequency with
phase-coupling information as an in-
dication of the depth of anesthesia.49

The bispectral index monitor dis-
plays a number between 0 and 100,
representing the depth of anesthesia.
The higher the number, the lower the
anesthetic level. The use of bispectral
index monitoring with inhaled agents
has been shown to reduce the amount
of anesthetic needed, recovery and
emergence times, and the rate of
PONV with inhaled anesthetics.50,51

Inhaled gases can be used for both
the induction and maintenance of
anesthesia. The amount of anesthesia
needed differs for each patient and
depends, in part, on the presence or
absence of preanesthetic medica-
tions (opioids or benzodiazepines)
(Table 5).

Safety issues
One potential safety issue associ-

ated with the use of inhaled anes-
thetic gases is the effect of the oc-
cupational exposure of health care
personnel to trace amounts of the
gases.52 Studies conducted in the 1970s
concluded that female personnel ex-
posed to trace amounts of anesthetic
gases (primarily nitrous oxide) had a
greater risk of spontaneous abortion,
infertility, and congenital abnormali-
ties in their children. However, sub-
sequent review of the data revealed a
lack of quality in the study design,
with no quantification of exposure,
lack of confirmation of the adverse
outcomes reported, and no controls
for confounding factors or bias. In
addition, animal studies have failed
to find mutagenicity, carcinogenici-
ty, or organ toxicity with exposure to
inhaled anesthetics. Teratogenicity
has been demonstrated in animals af-
ter prolonged exposure during preg-
nancy; however, it is not clear whether
this results from the agent itself or
from the physiological effects that
occur during anesthesia.

McGregor52 reviewed available ep-
idemiologic data on the safety of oc-

cupational exposure to anesthetic
gases and concluded that trace
amounts are not associated with ad-
verse effects when appropriate venti-
lation is used and when waste gases
are removed. The Occupational Safe-
ty and Health Administration has set
standards for occupational exposure
to inhaled anesthetic gases—<25
ppm as an eight-hour time-weighted
average concentration and <2 ppm
not to exceed one hour of exposure
for halogenated inhaled anesthetics.52

In addition, institutions should have
a management program in place that
includes the removal of waste gases,
the monitoring of trace gases, prac-
tices to minimize exposure by health
care personnel, and a mechanism for
reporting adverse effects.52

Although they are rare, intraoper-
ative fires have occurred within the
delivery systems used with anesthetic
gases.10,53 The exothermic reaction
between the anesthetic gas and the
carbon dioxide absorbent increases
as the absorbent becomes desiccated,
resulting in excessive heating of the
absorbent, thereby generating heat
and highly flammable byproducts,
such as methanol and formaldehyde.
Higher temperatures may be reached
with sevoflurane than with desflu-
rane, enflurane, or isoflurane, espe-
cially when using carbon dioxide ab-
sorbents containing strong bases.

Economic issues
Drugs used for anesthesia during

surgery can account for 5–13% of a
hospital’s drug budget.6,54 Although
various intravenous agents can be used
for induction, inhaled anesthetics are
the primary agents used for the main-
tenance of anesthesia. When selecting
the most cost-effective agent, the po-
tency, flow rate, volume of vapor pro-
duced, and amount of anesthetic gas
wasted during surgery need to be con-
sidered in addition to acquisition cost.
The cost per MAC hour—perhaps the
best indication of the true cost of an
inhaled anesthetic—can be estimated
using the following formula55:
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Cost ($) per MAC hour = (concentra-
tion × FGF × duration × MW ×
cost per mL) ÷ (2412 × D)

where concentration = % of gas de-
livered, FGF = fresh gas flow in liters
per minute, duration = duration of
inhaled anesthesia delivery in min-
utes, MW = molecular weight in
grams, 2412 = factor to account for
the molar volume of gas at 21 °C, and
D = density in grams per milliliter.

Other methods have been used to
calculate the cost of anesthetic gases.
Smith54 described a formula that
used time of anesthetic delivery,
fresh gas flow rate, set percentage,
unit price, unit size, and milliliters of
vapor produced per milliliter of liq-
uid to calculate the cost of inhaled
anesthetic per minute. The volume
of vapor produced per milliliter for
each of the anesthetic gases is given
in Table 6, along with the average
wholesale prices for the available sizes.
The true acquisition price will vary
considerably among institutions, since
contract pricing offered by the manu-
facturers of the inhaled anesthetic gas-
es is usually institution specific.

Therapeutic interchange
A true therapeutic interchange is

likely not possible with the inhaled
anesthetics. Golembiewski57 recently
presented a series of case studies
highlighting patient- and product-
specific factors that must be consid-
ered when selecting an anesthetic
agent. Factors that may influence the
efficacy or toxicity of the gas include
the duration of anesthesia, surgical
procedure, patient’s condition (e.g.,
presence of hepatic or renal dysfunc-
tion, cardiac and respiratory status,
weight, and age), and delivery meth-
od (e.g., laryngeal mask airway ver-
sus tracheal intubation).

Recommendations and critical
issues

The inhaled anesthetics have been
shown to be both safe and effective in
inducing and maintaining anesthesia

for surgery and other invasive proce-
dures. These agents do, however, dif-
fer in potency, adverse-effect profile,
and cost. Newer anesthetic gases,
such as sevoflurane and desflurane,
appear to have more favorable physi-
cochemical properties, such as low
solubility (resulting in faster uptake
and elimination) and little to no me-
tabolism. However, selection must
also take into consideration patient
factors, as well as the duration and
type of procedure.

In practice, enflurane is generally
not used in the United States because
of the risk of seizures; the use of hal-
othane is also limited because of its
association with hepatotoxicity. Des-
flurane and sevoflurane are both at-
tractive agents, with a faster onset of
action and a shorter duration than
the other inhaled agents, especially
for ambulatory or minimally inva-
sive surgeries.
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